Currently, multiparameter flow cytometry immunophenotyping is the selected method for the differential diagnostic screening between reactive lymphocytosis and neoplastic B-cell chronic lymphoproliferative disorders (B-CLPD). Despite this, current multiparameter flow cytometry data analysis approaches still remain subjective due to the need of experienced personnel for both data analysis and interpretation of the results. In this study, we describe and validate a new automated method based on vector quantization algorithms to analyze multiparameter flow cytometry immunophenotyping data in a series of 307 peripheral blood (PB) samples. Our results show that the automated method of analysis proposed compares well with currently used manual approach and significantly improves semiautomated approaches and, that by using it, a highly efficient discrimination with 100% specificity and 100% sensitivity can be made between normal/reactive PB samples and cases with B-CLPD based on the total B-cell number and/or the sIgj þ /sIgk þ B-cell ratio. In addition, the method proved to be able to detect the presence of pathologic neoplastic B-cells even when these are present at low frequencies (o5% of all lymphocytes in the sample) and in poor-quality samples enriched in 'noise' events.
Introduction
Early diagnosis of cancer is associated with an increasing rate of successful therapy in different types of both solid tumors and hematological malignancies.
1,2 Accordingly, white blood cell (WBC) and differential leukocyte counts have become one of the most cost-effective screening methods for the diagnosis of chronic lymphoid leukemias, based on the identification of the presence of an increased peripheral blood (PB) lymphocyte count. 2 However, absolute lymphocytosis is also frequently reported in several different clinical conditions other than chronic lymphoid leukemias, such as infectious or autoimmune disorders. 3 In the last decades, multiparameter flow cytometry immunophenotyping has become the method of choice for the differential diagnosis between reactive and neoplastic lymphocytosis. 4, 5 For this purpose, 3-and 4-color single-tube combinations of up to seven monoclonal antibodies (Mab) have been proposed, which allow the identification and enumeration of up to 13 different subsets of T-, B-and NK-lymphocytes. 6 Typically, in these analyses, information about six or more characteristics of several tens of thousands of PB cells are measured in a few seconds and stored as digitized data in flow cytometry standard (FCS) list mode files containing information for each single-cell measured. 7 Owing to this, large sets of data are quickly generated. As an example, for a file containing information about six different measured parameters of 6 Â 10 4 cells, a data set containing 3.6 Â 10 5 coded numbers is generated, a file that is around 25 times larger than a typical data set containing information about a sample analyzed by DNA microarray techniques. 8 Despite significant improvement in data acquisition capabilities of flow cytometers, data analysis still remains a challenge. 7 At present, data analysis is typically based in two-dimensional plots, where an experienced operator selects the subpopulations of interest based on a sequence of electronic bit map regions. 5 Depending on the expertise of the operator, a certain cell population may be misidentified, overestimated and/or underestimated. Automated analysis of the recorded data is essential to speed-up the screening of high numbers of samples and to increase the reproducibility of the results.
In the past, vector quantization (VQ) and learning VQ (LVQ) have been extensively explored as data classification tools. [9] [10] [11] Through VQ algorithms, the data are represented by using a finite number of vectors. Once these vectors are set, they remain fixed, and each data point is associated to one of these vectors by using the nearest-neighbour rule. 11 Accordingly, it is assumed that each data point is represented by a vector that defines the position of the cell population that event belongs to.
In the present paper, we describe and validate an automated method based on a VQ family algorithm, to analyze multiparameter flow cytometry immunophenotyping data obtained through the measurement of PB samples from a group of 307 adult individuals with normal and increased PB lymphocyte counts in a routine blood cell analysis. Our results show that the automated method of analysis proposed compares well with currently used manual and significantly improves semiautomated approaches, and it allows for a highly efficient discrimination between normal/reactive PB samples and cases with absolute lymphocytosis associated with B-cell chronic lymphoproliferative disorders (B-CLPD). 68 patients had B-cell chronic lymphocytic leukemia (B-CLL), five patients had mantle cell lymphoma (MCL), one had marginal zone splenic lymphoma, one a follicular lymphoma, one had a mucosa-associated lymphoid tissue (MALT) lymphoma and one had a nonclassified B-CLPD. All individuals gave their informed consent prior to entering the study, and the study was approved by the local Ethical Committee of the University Hospital of Salamanca (Salamanca, Spain).
Materials and methods

Peripheral blood samples
Multiparameter flow cytometry immunophenotyping studies
Multiparameter flow cytometry analysis of each PB sample was performed by using the Lymphoclonalt reagent (Cytognos SL, Salamanca, Spain). Briefly, 2 ml of phosphate buffered saline (PBS; pH ¼ 7.6) containing 0.2% bovine serum albumin was added to 100ml of PB. Then the cells were centrifuged and washed twice and the Lymphoclonalt mixture of Mab directly coupled with fluorescent dyes -fluorescein isothyocyanate (FITC)/phycoerythrin (PE)/peridinin chlorophyll protein-cyanin 5.5 (PerCP/Cy5.5)/allophycocyanin (APC) -was added: antihuman k immunoglobulin (Ig) light chains and CD8/anti-human l Ig light chains and CD56/CD19 and CD4/CD3. Then, the sample was incubated for 15 min at room temperature (RT) in the dark. After this incubation period, 2 ml of fluorescenceactivated cell sorter (FACS) lysing solution (Becton/Dickinson Biosciences -BDB -San José, CA, USA) diluted 1/10 (v/v) in distilled water was added and another 10 min incubation was performed at RT, in the dark. All samples were then washed once in PBS and measured in a FACSCalibur flow cytometer (BDB). For each sample, information about a total of 6 Â 10 4 leukocytes was acquired and stored using the CellQUEST software (BDB). The PAINT-A-GATE PRO and FACSDiVa software programs (BDB) were used for manual and semiautomated data analysis according to the Lymphoclonalt protocol. Data analysis with the PAINT-A-GATE software was performed by two independent experts (MEA and ESC) and automatically adjusting 'snap to' gates were used with the FACSDiVa software. The percentage from the total lymphocytes was recorded for the following cell populations:
þ and CD4 À /CD8 À T-lymphocytes; total NK-cells and both CD8 þ and CD8 À NK-cells; total B-lymphocytes and both, sIgk þ and sIgl þ B-cells. In addition, the ratio between the number of sIgk þ and sIgl þ B-cells was also calculated.
Automated analysis of flow cytometry data
For the generation of a method for the automated recognition of PB subsets of lymphocytes stained with Mab and measured by multiparameter flow cytometry, we used a supervised LVQ-based approach, specifically designed for this purpose. In order to enhance precision, we incorporate to the standard LVQ algorithm, a scheme of multivariate Gaussians functions, as briefly detailed in the next paragraph. For each sample, 6 Â 10 4 vectors in a six-dimensional space were calculated, each vector representing data about the light scatter characteristics -two parameters: forward (FSC) and sideward light scatter (SSC) -and fluorescence intensity features (four parameters: sIgl-and CD8-associated green fluorescence; sIgk-and CD56-associated orange fluorescence; CD4-and CD19-associated red fluorescence; and CD3-associated deep-red fluorescence) of each individual cell measured.
In the LVQ-based approach used, a 'group of events' was defined as a set of cellular events represented by the same vector and a 'population' as a single 'group of events' or an assemblage of two or more 'groups of events' with similar characteristics and biological significance. Accordingly, 'groups of events' were generated by associating multivariate Gaussian functions to each vector, and assigning each cellular event to that 'group of events' for which it reached the highest value among all Gaussian functions. All cellular events clustered around the same vector were considered to belong to the same 'group of events', considering that each 'group of events' could have different spreads in different directions. It should be noted that based on the different spreads of distinct 'groups of events', a cellular event was not necessarily allocated to that 'group of events' represented by its nearest vector and that overlap could exist among different Gaussian functions. For each Gaussian function, a cutoff value was established and those events following below it, were considered to be noise, which was 'far away' from a given vector, and they were discarded. In the following step, two or more 'groups of events' were placed together to form 'populations' with biological meaning. Afterwards, the hierarchical strategy detailed in Figure 1a and illustrated in Figure 1b was applied and all previous calculations -definition of vectors and Gaussian functions, as well as the assemblage of 'groups of events' to create 'populations' -were repeated at each step represented in Figure 1 . Parameters related to the Gaussian functions were all set based on well-established experts' knowledge. This a priori information was used to build up the model in a learning phase where adjustments of the vectors and Gaussian functions were performed and it was not needed later on by the operator, nor was used for the validation phase. For the learning (or in-sample) phase, 20 randomly selected samples corresponding to 10 normal, five reactive and five B-CLL PB samples were used. In the validation (or out-ofsample) phase, 307 PB samples -198 controls and 107 PB samples with absolute lymphocytosis -were used; results reported referring to the set of samples used in the validation phase. All the statistical calculations were performed with the MATLAB software program (Mathworks, Natick, MA, USA).
Generation and analysis of artificial archives of events
In order to evaluate the sensitivity and specificity of the automated method in analyzing the distribution of different subsets of PB lymphocytes, two different types of virtual archives were artificially created. Firstly, to test the sensitivity of the method in detecting the presence of pathologic B cells present in a sample at low frequencies, artificial dilutions of pathologic cells in normal cells (n ¼ 5; four B-CLL and one MCL) were made. From an FCS list mode data file containing high numbers of clonal B-cells, new files were created and stored with the PAINT-A-GATE software program, which contained digitally gated information exclusively on those events corresponding to pathological B-cells. Then, progressive dilution of data on a decreasing number of pathologic cells from these gated files were made, in an FCS file containing list mode data from a normal/reactive PB sample at known proportions of between 1/1 and 1/1000. In parallel, dilutional experiments of leukemic PB samples in normal blood (n ¼ 5; four B-CLL and one diffuse large B-cell lymphoma) were performed at known proportions of between 1/1 and 1/1000.
A second set of artificial data files was created to test the performance of the automated method of analysis in poor quality samples with high number of events corresponding to cell debris ('noise' events). For this purpose, 'noise' files were created by adding 'noise' events at variable proportions (from 1 to 50%) to an FCS list mode data file corresponding to a PB sample. 'Noise' events were randomly assigned values ranging between 0 and 1023 for all six parameters measured. In order to create both types of artificial data files, data from FCS list mode files (original or gated and stored files) were exported into an Excel data base (Microsoft, Redmond, WA, USA) using the FCS 1a.a assistant (University of Stanford, Stanford, CA, USA). Then, data from different files were merged by pasting their corresponding databases using routines written in a MATLAB environment.
Statistical methods
All numerical and code data derived from immunophenotyping flow cytometry studies were introduced in a database using the SPSS program (SPSS 11.0, Chicago, IL, USA). Pearson correlation and Bland-Altman plots were used for the initial comparison and to assess the degree of agreement between different methods. In order to establish the best cutoff values for maximum sensitivity and specificity for each lymphocyteassociated variable, in defining the presence or absence of an abnormally expanded population of clonal B-cells, truth tables were used. The number of true-positive (TP; samples with the presence of an abnormal subpopulation of B-cells as detected by both conventional diagnostic techniques and automated analysis of flow cytometry data), true-negative (TN; samples without an abnormal B-cell population as measured by conventional approaches and automated analysis of flow cytometry data), false-positive (FP; samples with the presence of an abnormal B-cell population using automated analysis of immunophenotypic data, but not detected by the reference methods) and false negative cases (FN; samples with undetectable abnormal B-cells by automated analysis of flow cytometry immunophenotypic data but positive by the reference approaches) were calculated. Sensitivity and specificity were defined as TP/TP þ FN and TN/ TN þ FP, respectively.
Results
Correlation between manual, semiautomated and automated methods for the analysis of the distribution of peripheral blood lymphocyte subsets among total and normal/reactive samples
The newly generated automated method of analysis of PB lymphocyte subsets was able to identify all cell subsets present in the samples studied, which could be detected in the same data files by the two independent expert operators and the semiautomated (FACSDiVa) approach. As shown in Tables 1  and 2 , a significantly high degree of correlation and agreement was found between the results obtained by the two independent operators using a conventional manual method for the analysis of the distribution of the major PB lymphocyte subpopulations, both for the whole series of PB samples (n ¼ 307) and the normal/reactive ones (n ¼ 230). Similarly, once the mean value of the counts manually obtained by the two operators was compared with that calculated by the automated software, a high correlation (r 2 X0.85) was also observed for all parameters, except the sIgk þ /sIgl þ B-cell ratio. Accordingly, for the different T-cell subsets identified, a high correlation and degree of agreement were found between the manual and the automated methods, which was similar to or superior than that resulting from comparing manual data of operator 1 (MEA) vs operator 2 (ESC), even for the CD4 À /CD8 À T-lymphocytes, a Tcell population present at very low frequencies in normal/ reactive PB (Tables 1 and 2 ). Although for the counts of the two NK-cell subpopulations analyzed (CD8 þ and CD8 À NK-cells), the degree of correlation (r 2 o0.90) and agreement (o91%) was lower, it should be noted that the r 2 coefficients were similar in the two comparisons (manual operator 1/MEA vs manual operator 2/ESC and the mean of manual operators vs automated method) independently of whether the whole group of samples or just the normal/reactive ones, were considered (Table 1) ; in turn, the degree of agreement was similar for the two comparisons, except for the total number of NK-cells, which showed a greater agreement once the two manual measurements were compared (degree of agreement of 87 vs 53%) ( Table 2 ). Regarding B-cells, while a significantly high (r 2 ¼ 0.98-0.99) correlation was found between the data manually obtained by the two operators for the counts of total B-lymphocytes and sIgk þ and sIgl þ B-cells, both in total and normal/reactive samples, correlation coefficients slightly dropped to around 0.87 in the comparison with the automated method in normal/reactive samples. As mentioned above, this was associated with a notably lower overall degree of correlation for the sIgk/sIgl B-cell ratio between the automated and manual methods with respect to that observed for the comparison between the manual data obtained by the two operators (r 2 ¼ 0.70 vs 0.99), particularly when normal/reactive samples were separately considered (r 2 ¼ 0.35 vs 0.80) (Table 2 and Figure 2) . In parallel, a lower degree of agreement was noted for the comparison between the manual and automated methods with respect to that of the two manual operators, particularly for the number of sIgk þ B-cells in normal/reactive PB ( Table 2 and Figure 2 ). On comparing both methods (manual and automated) with a semiautomated approach based on the use of the FACSDiVa software, clearly lower correlations and degrees of agreement were observed for the latter approach, even for well defined populations such as CD3 þ T-cells (Tables 1 and 2 ).
Correlation between the manual, semiautomated and automated methods for the analysis of the distribution of peripheral blood subsets of lymphocytes in samples with neoplastic B-cells
A high correlation was also found in the counts of the different PB T-cell and NK-cell subsets from pathologic samples containing a monoclonal population of B-cells, using the automated and manual methods of analysis (Table 1 ). This was paralleled by a notably high degree of agreement between both methods, particularly for the T-cell subsets (Table 2) . Interestingly, correlation coefficients were in general slightly higher for the CD8 þ and CD8 À NK-cell subsets in this group of samples, in comparison with the sets of samples from both the whole group cases and from normal/reactive samples ( Table 1) . Concerning B-cells and their subsets, a high degree of correlation was also found between the manual data obtained by the two independent operators, as well as between the manual operators and the automated analyses for the counts of the abnormal B-cell population involved in the clonal expansion: r 2 ¼ 0.99 and 0.94 for the counts of abnormal sIgk þ and r 2 ¼ 0.99 and 0.92 for the number of abnormal sIgl þ B-cells, respectively (Table 1) . In addition, a high degree of correlation was also found for the number of normal residual sIgk þ B-cells in sIgl þ B-cell lymphoproliferative disorders; in contrast, no correlation (r 2 ¼ 0.04, P40.05) was found for the number of normal sIgl þ B-cells in cases with abnormal sIgk þ B-lymphocytes, when comparing the manual approach with the automated method, due to their low frequency; this lead to an overall low degree of correlation (r 2 ¼ 0.11; P ¼ 0.02) for the sIgk þ /sIgl þ B-cell ratio, in this group of samples (Table 1) .
In turn, a detailed analysis of the comparisons between the manual and automated methods in cases showing an abnormally expanded population of sIgl þ B-cells showed an extraordinary high degree of agreement between the two methods for all B-cell associated variables, similar to that obtained between the two manual operators. In contrast, the degree of agreement between the manual and automated methods notably decreased to between 50 and 57% for the sIgk þ -and sIgl þ -associated parameters, but not for the total Bcells (degree of agreement of 98%) among those cases showing an expanded population of monoclonal sIgk þ B-cells ( Table 2 ). As described above for the normal/reactive samples, the FACSDiVa software-based semiautomated approach also showed a lower degree of correlation and agreement with both the normal and automated methods in both the sIgk þ and the sIgl þ B-CLPD groups of patients, this involving both welldefined populations such as CD3 þ T-cells, as well as all minor cell subsets (Tables 1 and 2 ).
Specificity and sensitivity of the automated method of analysis for the diagnostic screening of normal/reactive samples vs clonal B-cell disorders
Automated analysis of immunophenotypically stained normal and pathological samples showed a high sensitivity and specificity for the identification of normal/reactive vs monoclonal B-cell disorders. Accordingly, all cases having a clonal B-CLPD could be identified and clearly discriminated from the Screening of neoplastic B-cell disorders in PB samples CE Pedreira et al (Table 3) . At theses cutoff values, both a 100% sensitivity and a 100% specificity were achieved for the two variables (Table 3) . Although the percentage of sIgk þ and sIgl þ B-cells was also highly efficient on discriminating normal/reactive from neoplastic samples with a sensitivity 100% and a specificity 499.5%, once individually considered, these parameters were not able to discriminate all B-CLPD from all normal/reactive samples ( Table 3) .
Screening of neoplastic B-cell disorders in PB samples CE Pedreira et al
Evaluation of the performance of the automated method in analyzing artificial data files containing low numbers of pathologic cells and high numbers of 'noise' events
The use of the automated method for the analysis of artificial data files containing decreasing numbers of pathologic B-cells (n ¼ 5) proved to be able to clearly classify a file as containing B-cells suspected of being pathological, according to the previously defined numerical criteria (cutoff values for maximum sensitivity and specificity) in all virtual dilution experiments, where the proportion of pathologic B-cells only represented a small percentage (o5%) of all lymphocytes in the sample. The sensitivity observed was similar for both types of dilutional experiments performed: o5% for diluted leukemia cells in normal PB samples and o3% for diluted leukemia events in normal PB FCS data files. As illustrated in Figure 1b , in those cases where abnormally low sIg expression was presented on neoplastic B-cells, those events corresponding to pathologic B-cells could even be clearly discriminated from those representing normal/reactive B-cells present in the same data file/sample (Table 4) . Regarding the analysis performed by the automated method on those samples randomly combined with a file containing variable numbers of 'noise' events, no significant differences were observed for the different PB cell subsets, with respect to the results of the analyses of the original file in the absence of artificial 'noise' (Table 3) .
Discussion
In the past two decades, important advances have been achieved in the early diagnosis of chronic lymphoproliferative disorders.
2 Among other factors, this has been related to the introduction of automated analyzers for the routine analysis of different blood cell compartments in distinct disease conditions. 13 From the different WBC-associated flagging alarms provided by these instruments, the presence of an increased absolute number of PB lymphocytes is by far, one of the most frequent ones. 13 Although in children, absolute lymphocytosis is commonly due to reactive (e.g. infectious) processes, in adults over 50 years, it is frequently related to monoclonal expansions of B-cells due to an underlying neoplastic lymphoproliferative disorder.
14 During this period, multiparameter flow cytometry immunophenotyping has become the method of choice for the screening of the clonal vs reactive nature of the expanded lymphocytes, leading to a progressively high increase in the rate of early diagnosis of clonal lymphoproliferative disorders, even prior to the onset of disease symptoms. 15 However, this is considered as a relatively complex laboratory measurement, which requires highly expert and trained personnel on both the analysis of immunophenotypic data and interpretation of the results. Owing to this, once an absolute PB lymphocytosis is detected in a routine blood cell analysis, stained smears of the blood sample are screened by conventional morphological techniques, in order to establish whether it should be submitted or not for flow cytometry evaluation. 15 Nevertheless, recent results indicate that morphological examination of PB samples presenting with absolute lymphocytosis is neither completely specific nor sensitive for the distinction between normal/reactive and clonal processes. 16 Accordingly, some neoplastic disorders are classified morphologically as reactive and no definitive cytological diagnosis can be made in a significant proportion of cases, particularly those with mild lymphocytosis. 16 Overall, these results support the notion that multiparameter flow cytometry immunophenotyping should be performed upfront in adult individuals, immediately after an absolute PB lymphocytosis is detected. In order to speed up and simplify such flow cytometric screening, automated analysis of the flow cytometry list mode data files represents an essential step.
In the present paper we propose and evaluate a method for the automated analysis of PB samples stained with a set of seven different Mab in a single four-color tube measured by flow cytometry that could be applied for the diagnostic screening of Table 3 Cutoff values and percent sensitivity and specificity obtained for the identification of abnormal subpopulation of B-cells as analyzed by the automated software method 16 For the automated analysis of the data files generated, we use a VQ approach. 11 Among other advantages, our methodology is: (i) multivariated, since all the parameters are simultaneously considered and; (ii) nonparametric, in the sense that it does not require prior assumption or imposition of an explicit probability distribution function form for the flow cytometric data. An important feature of the proposed methodology is that the vectors are set in a vector space with dimensions equal to the number of parameters, and so, the segmentation is performed by grouping points directly in the n-dimensional space, instead of doing it through drawing two-dimensional regions for chosen pairs of parameters. In addition, VQ provides a user friendly interpretation framework, since the vectors may be viewed as prototype representatives of the 'groups of events' and 'populations of events' with biological meaning in a sample. The approach can be easily implemented from the computational point of view and can be extended to virtually any combination of antibodies, including four or more color analyses.
A detailed comparison of the automated method of analysis with conventional manual operator-dependent approaches showed a high-degree of correlation and agreement for the different cell populations measured, similar to that observed between two independent expert operators and clearly higher than that found for the semiautomated approach here evaluated, which proved to be inadequate even for measurement of welldefined populations such CD3 þ T-cells. In this sense, it should be noted that those parameters showing the lowest degree of correlation, corresponded to subsets of lymphocytes present in PB at low frequencies such as the CD4 À /CD8 À T-cells. 17 Of note, also the degree of agreement observed between the manual operators and the automated method were lower for the sIgk þ cell population both in normal/reactive and in neoplastic samples. It should be noted that this was not due to the use of several reagents with an identical fluorochrome (e.g. CD8 and sIgk) since CD19 þ B-cells could be clearly discriminated from both T (CD3 þ ) and NK-cells (CD19 À ). In turn, it might be related to the low fluorescence intensity obtained with the FITCconjugated anti-human Ig kappa light chain reagent used and/or to the low intensity at which sIg is frequently expressed in neoplastic B-cells, particularly from B-CLL, 4, 18 which frequently lead to a relatively poor discrimination between sIgk þ and sIgk À events, particularly among neoplastic B-cells, as illustrated in Figure 1b . The search for and/or development of more sensitive anti-human sIgk light chain antibody fluorochrome-conjugates could potentially contribute to solve this problem. In any case, independent of the correlation and degree of agreement observed between the manual analyses and the automated method observed for the individual PB lymphocyte subpopulations measured, with the automated method specific cutoff values could be established on both the total number of PB B-cells and the ratio between the percentage of sIgk þ and sIgl þ B-cells, which allowed for a 100% sensitive and a 100% specific discrimination between normal/reactive samples and neoplastic B-cell lymphoproliferative conditions even once prospectively tested in cases of angioimmunoblastic T-cell lymphoma (n ¼ 2) and polyclonal B-cell lymphocytosis (n ¼ 1). In this sense, it should be noted that although the independent assessment of the distribution of sIgk þ and sIgl þ B-cell subsets proved to be extremely effective in discriminating between samples with normal/reactive samples and neoplastic B-cells, each of the two parameters could fail to do so in a small proportion of cases. At present, it is well accepted that the use of a sIgk þ /sIgl þ B-cell ratio is of great utility for the diagnostic screening of B-CLPD in different tissue samples, including PB, 19 in line with our results. However, only recently, 13 it has been shown that the use of the total number of PB B-lymphocytes is highly efficient for the diagnostic screening of B-cell disorders in PB samples from individuals presenting with an absolute lymphocytosis. Here, we confirm and extend these observations by showing that the percentage of B-cells from all PB lymphocytes is effective in doing such discrimination and its calculation could be automated. In addition, these results indicate that staining of PB samples with an absolute lymphocytosis for the diagnostic screening of B-cell disorders would not require the use of anti-Ig light chain reagents, at least if a cutoff point for the immunophenotypic screening is set at an absolute number of 3.5 Â 10 3 lymphocytes/l in PB, as done in this study. This observation is particularly relevant since it will allow the decrease of the sample preparation time by at least one-third and the possibility of using a stain-lyse-no-wash sample preparation method. In addition, automated analysis of these cell populations will decrease inter-operator variability, which might be particularly useful in centers with limited flow cytometry experience. In turn, it allows implementation of this automated immunophenotypic screening method in currently available blood cell analyzer instruments with capabilities for reading three different fluorescence emissions. 20, 21 Nevertheless, it should be noted that adults with polyclonal B-cell lymphocytosis showing a normal sIgk þ /sIgl þ B-cell ratio could be erroneously identified just based on the number of total B-cells; at the same time, in dilutional experiments, this approach failed to detect clonal B-cells once they were present at frequencies of o5% of all PB lymphocytes, pointing out the need for additional stainings in B-CLPD patients displaying minimal numbers (o5% of all PB lymphocytes) of circulating neoplastic B-cells. 22 Altogether, these results indicate that automated analysis can be applied for clinical questions involving enumeration of discrete populations, while expertmanual analysis would be more appropriate for complex data containing poorly separated and/or minor cell populations.
